T
here is something inherently fascinating about the interaction between organisms and their pathogens. Perhaps this is because it lends itself so well to metaphor-pathologists speak of the coevolutionary "arms race" between host defenses and pathogen attacks, and freely borrow espionage terminology such as infiltration, subversion, and surveillance. Like countries at war, hosts and pathogens devote substantial portions of their resources and genomes to trying to outwit the other, leaving a long, and frequently confusing, coevolutionary trail of successful and obsolete mechanisms for virulence and defense. Even the existence of sex has been proposed to be the result of pathogen pressure during the evolution of all organisms (as Swift reminds us, "a flea has smaller fleas that on him prey") (Hamilton et al. 1990) .
A major advance in pathology has been the realization in the past few years that animal and plant pathogens have a lot in common. Almost all bacterial pathogens rely on the "Type III" secretion system with which they infiltrate virulence proteins directly into the cells of their host, thereby subverting the host cell's defenses and making it into an accomodating source of nutrients for the pathogen (Staskawicz et al. 2001) . Recent work on viruses presents a similar story: Both animals and plants have a mechanism, called "virus-induced gene silencing" (VIGS), to recognize and destroy invading viruses, and successful viruses have evolved mechanisms to counter this defensive strategy (Li et al. 2002) .
Yet the coevolution of plants and their microbial pathogens relies heavily on one biological phenomenon not present to any significant extent in animal host-pathogen interactions, namely secondary metabolism. Secondary metabolites are small organic molecules that are not essential to an organism when it is grown in isolation, and their main function is to mediate ecological interactions (Stone and Williams 1992) . Tens of thousands of secondary metabolites of many different, often highly complex structures are familiar as pigments, flavorings, poisons, antibiotics, and pharmaceuticals. They include terpenoids, alkaloids, flavonoids, and polyketides. The most prodigious producers of secondary metabolites are plants and microbes such as bacteria and fungi, and, not surprisingly, many secondary metabolites have been pressed into service in the coevolutionary battle between plants and their pathogens. Antimicrobial plant secondary metabolites are of two types: the preformed compounds (also known as phytoanticipins), which are produced constitutively (i.e., all the time), and the phytoalexins, which are produced only in response to infection by a potential pathogen (Morrissey and Osbourn 1999) .
Osbourn and colleagues have previously shown that avenacin, a constitutive secondary metabolite of the saponin (steroidal alkaloid) class, plays an essential role in resistance of oats to certain fungi, and that successful oat pathogens produce an enzyme that detoxifies avenacin (Morrissey and Osbourn 1999) . They subsequently investigated the interaction between the fungus Septoria lycopersici and its host, tomato. Tomato makes a saponin related to avenacin called α-tomatine, and S. lycopersici, along with other tomato pathogens, secretes an enzyme, tomatinase, that degrades and thereby detoxifies α-tomatine. It seemed logical that tomatinase would be an essential virulence factor for S. lycopersici on tomato, but surprisingly, although mutation of the tomatinase gene in S. lycopersici made it more sensitive to α-tomatine in culture, it did not make the fungus less pathogenic (Martin-Hernandez et al. 2000) . Steroid alkaloids and their detoxification are apparently important in only some disease interactions.
In the course of analyzing the tomatinase mutants of S. lycopersici, Martin-Hernandez and colleagues (2002) made the subtle observation that the tomatinase mutants were more capable of inducing host defenses than the wild type fungal strains. In this case, the host defense response was rapid, localized cell death at the site of infection, a phenomenon called the hypersensitive response (HR). In a recent paper, Bouarab and colleagues ( The authors first demonstrated that S. lycopersici fortuitously also infects a species of tobacco called Nicotiana benthamiana, and that tomatinase is essential for virulence on this host, in contrast to the interaction between S. lycopersici and tomato. One explanation for this result is that N. benthamiana makes α-tomatine or a related compound that is toxic to S. lycopersici, and that S. lycopersici needs to degrade this compound in order to infect N. benthamiana. However, this explanation falters because of subsequent experiments in which it was shown that the tomatinase mutants could infect N. benthamiana plants in which activity of the SGT1 gene had been suppressed using VIGS technology, a new and powerful method for shutting off genes in plants. SGT1 is necessary for general plant disease resistance, but seemingly not for synthesis of preformed antifungal saponins, the substrates of tomatinase. This result is surprising because it indicates that tomatinase is playing a role in pathogenicity above and beyond its simple ability to degrade constitutive antifungal alkaloids.
A clue as to what this role might be came from the next experiment in which the authors infiltrated N. benthamiana plants with the tomatinasemutant pathogen plus either the tomatinase enzyme or the product of tomatinase action on α-tomatine, β 2 -tomatine. β 2 -tomatine lacks one of the sugars present in α-tomatine. Addition of either tomatinase or β 2 -tomatine caused the tomatinase mutant to regain virulence. Thus, the effects of tomatinase on disease are mediated by β 2 -tomatine, previously thought to be a simple waste product. The authors conclude that the production of β 2 -tomatine favors the fungus by acting as a suppressor of plant defenses that would normally work to prevent infection. That is, two processes are occuring when S. lycopersici infects N. benthamiana: First the fungus destroys a potentially toxic plant product, then, second, it uses the breakdown product as a signal to promote its own virulence by shutting down the plant's attempts to mount an active antimicrobial counterattack. The host's defenses are turned back on itself. If β 2 -tomatine is, in fact, a suppressor of general plant defenses, one would expect that it would also promote infection by other pathogens. Using a bacterial pathogen of N. benthamiana, Bouarab and colleagues (2002) have now shown that this, in fact, the case.
The idea that pathogens might suppress the active defense processes of their plant hosts arose from a realization that the manifold defense responses of plants can be triggered by a very large number of stimuli, both biotic (e.g., all kinds of pathogen extracts) and abiotic (e.g., UV light, heavy metals). If plant defenses are so easily activated, why are there any successful pathogens, and how can beneficial microbes such as mycorrhizae, endophytic fungi, and the nitrogen-fixing Rhizobium ever colonize plants?
One attractive hypothesis has been that successful pathogens and symbionts have active mechanisms to suppress the defenses of their hosts. The experiments of Bouarab and colleagues open several interesting avenues towards establishing the reality of defense suppression as a general virulence strategy and discovering the underlying mechanisms. The work also raises questions about the nature of the endogenous substrate of tomatinase in N. benthamiana and the role of the enzymatic product, the equivalent of β 2 -tomatine. Where and how does it act to suppress defense responses?
The paper raises bigger questions about the mystery of plant resistance. We are still largely ignorant of which defenses are critical in affecting the outcome of any particular disease interaction. The HR, for example, has been observed in response to all types of pathogens-nematodes, viruses, bacteria, and fungi-yet a molecular definition remains elusive. There is no convincing way to distinguish HR-induced cell death from the cell death that is the normal outcome of a successful pathogen attack; it is still unproven whether the HR is a cause or simply a manifestation of resistance. And if the HR is a genuine resistance mechanism, it is not known how it limits pathogen growth. For obligate pathogens (those that depend on living cells for their survival), it is clear how the HR might contribute to resistance, as these pathogens cannot survive in dead plant cells. For pathogens such as fungi that can grow on dead plant tissue, however, the causal connection is not obvious.
The work of Bouarab and colleagues (2002) indicates that many facets of the interactions between plants and pathogens remain to be discovered. The development of new strategies to control plant diseases is essential, and success in this endeavor will depend on a deeper understanding of the biology of plant-pathogen interactions.
